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Abstract: The early flowering gene CONSTANS (CO) from Arabi-
dopsis thaliana was transferred into Artemisia annua using the
Agrobacterium tumefaciens-mediated transformation system.
The plant expression vector pBICO was constructed by inserting
the CO gene into the binary vector pBI121 under the control of
CaMV 35S promoter. Analyses of PCR, PCR Southern blot, and
Southern blot revealed that the transgenic plants contained the
foreign CO gene. The results of RT-PCT and RT-PCR Southern blot
suggested that the foreign CO gene had expressed at the tran-
scriptional level. Although the flowering time of the CO trans-
genic plant was about 2 weeks earlier than that of the non-
transgenic plant under short-day conditions, no significant dif-
ference in artemisinin content was found between the flowering
transgenic plant and the non-flowering non-transgenic plant.
These results show that the usually observed increase of artemi-
sinin content before plant flowering under natural conditions is
not a direct consequence of flowering itself, perhaps there is
even no direct linkage between flowering and artemisinin bio-
synthesis.

Key words: CO gene, flowering, Artemisia annua L., artemisinin
biosynthesis.

Abbreviations:
6-BA: N°-benzyladenine
CO: CONSTANS

DW:  dry weight
fof1:  flowering promoting factor 1
NAA: a-naphthaleneacetic acid

Introduction

Artemisinin, a sesquiterpene lactone endoperoxide, is an ef-
fective antimalarial drug obtained from the leaves of the Chi-
nese medicinal herb Artemisia annua L. (Cooperative Research
Group on Artemisinin Structure, 1977; Liu et al., 1979). This
drug is shown to possess considerable inhibitory activity
against Plasmodium falciparum, the causative parasite of ma-
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laria (Klayman, 1979). The aerial parts of A. annua contain be-
tween 0.01% and 0.5% (dry weight) artemisinin (Wallaart et al.,
2000). The relatively low content of artemisinin in the plant
has been the limiting factor for the isolation of the substance
on a commercial scale (Van Geldre et al., 1997; Dhingra et al.,
2000). The total organic synthesis of artemisinin has been
achieved, but is very complicated and low yields are obtained
(Schmid and Hofheinz, 1983). Moreover, attempts to over-pro-
duce artemisinin through cell, tissue, or organ cultures have
not been successful (Weathers et al., 1994; Abdin et al., 2003).
Presently, the plant is still the only viable source of artemisi-
nin. This reflects the lack of sufficient understanding of artemi-
sinin biosynthesis and its regulation in planta. Therefore, a
thorough understanding of the biosynthetic pathway of arte-
misinin and its regulation may enable us to alter its formation
in a direct way, for example by metabolic pathway engineering
(Wallaart et al., 2001, Ro et al., 2006).

The main artemisinin content is found in the leaves and flow-
ering tops of the plant. Factors such as plant variety, cultivation
condition, locality, and plant developmental stages all influ-
ence the artemisinin content of the plant (Paniego et al., 1993;
Ferreira et al., 1995). The results of artemisinin content at dif-
ferent developmental stages indicated that the artemisinin
biosynthesis increased with a progressive increase in plant
growth, reaching a maximum prior to flowering (Lierch et al.,
1986; Woerdenbag et al., 1994; Chan et al., 1995). However, it is
not known if this is just a coincidence or if some inner linkage
between flowering and artemisinin biosynthesis exists. In our
previous work, the preliminary results of using fpf1 as a flow-
er-promoting gene showed that artemisinin biosynthesis does
not have any direct linkage with flowering (Wang et al., 2004).
In order to further clarify the matter, we studied this linkage at
the molecular level by transferring the flower-promoting gene
CONSTANS of Arabidopsis thaliana (Putterill et al., 1995) into
A. annua. The results showed that the over-expression of the
CO gene indeed resulted in the early flowering of the transgen-
ic A. annua. However, no significant differences in artemisinin
content were found between the flowering transgenic plant
and the non-flowering non-transgenic plant. Our work was of
both theoretical and practical significance. In theory, the re-
sults can provide experimental evidence for the regulation of
artemisinin biosynthesis, and in practice, it can provide theo-
retical guidance for choosing a suitable harvesting stage for
higher production of artemisinin.
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Materials and Methods
Plant material and culture conditions

The high artemisinin-yielding strain 001 of A. annua was col-
lected from Sichuan Province in China. The seeds were sur-
face-sterilized with 0.1% mercuric chloride for 10 min, fol-
lowed by washing with sterile distilled water. Then the seeds
were germinated on MS medium supplemented with 3.0% su-
crose and solidified with 0.7% agar. The pH was adjusted to
5.8-5.9 before the addition of agar. The medium was auto-
claved at 1 bar for 20 min. The cultures were maintained at
26°C under 16-h photoperiods.

Construction of plasmids

The plasmid pBSKCO containing the CO gene (Putterill et al.,
1995) was digested with HindlIll and blunted with T4 DNA
polymerase, then digested with BamHI to obtain a 1.1-kb frag-
ment containing the complete open reading frame. This 1.1 kb
fragment was then inserted into the Xbal (blunted with Kle-
now large fragment) and BamHI sites of plasmid pBI221 to
form the intermediate vector pBI221-CO. The intermediate
vector pBI221-CO was digested with Sacl and BamH]I, and the
2.9-kb fragment containing the chimeric CO gene was collect-
ed, then inserted into the Sacl-BamHI sites of the binary vector
pBI121 to generate recombinant binary vector pBICO (Fig.1).
The recombinant binary vector pBICO contained both the NPT
I gene of kanamycin resistance driven by the NOS promoter
and the CO-GUS fusion gene driven by cauliflower mosaic virus
(CaMV) 35S promoter. A. annua is very sensitive to kanamycin,
so kanamycin was used for the selection of the transformants.

The plant expression vector containing the recombinant plas-
mid pBICO was introduced into the disarmed Agrobacterium
tumefaciens strain LBA4404 by triparental mating.

Transformation and regeneration of transformants

The transformation of A. annua was accomplished according to
Chen et al. (1999). Young leaves of the seedlings subcultured
for 3 weeks were used for the transformation. Prior to infec-
tion, the inoculum of A. tumefaciens was grown in 50 mL of
liquid YEB medium (containing 100 mg/L rifampicin, 50 mg/L
streptomycin, and 50 mg/L kanamycin) at 28 °C under agitation
to an ODg, of 0.6 - 0.8. Then the bacterial suspension was pel-
leted by centrifugation, resuspended in 20 mL of fresh YEB
liquid medium (without antibiotics) containing 100 uM aceto-
syringone and cultured for another 2 h under the same condi-
tions for further activation. The activated bacterial suspension
was diluted 10-fold with MS liquid medium and was used for
A. annua transformation. The wounded leaves were immersed
in the diluted bacterial suspension for 20 min, blotted on ster-
ile filter paper, and transferred to solid MS medium, incubated

B -Glucuronidase(GUS)

Fig.1
pBICO.

Diagram of the recombinant plasmid
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in the dark at 28°C for 3 days. After 3 days co-cultivation, the
leaves were transferred to shoot-inducing medium (MS basal
medium supplemented with 2.5 mg/L 6-BA, 0.05 mg/L NAA,
500 mg/L carbenicillin, and 15 mg/L kanamycin) to induce
shoots. Carbenicillin was used to eliminate surplus A. tumefa-
ciens, kanamycin was used to select the transformants, and the
media without kanamycin were considered as controls. The
explants were transferred to fresh shoot-inducing medium at
weekly intervals during the first month. Afterward, subcul-
tures were made every 2 weeks. The concentration of carbeni-
cillin was reduced to 100 mg/L after 8 weeks, at 12 weeks car-
benicillin was completely removed from the medium. When
the induced shoots had grown to about 2 -3 cm in height, the
shoots were separated from the explants and transferred to
root-inducing medium (MS basal medium supplemented with
0.05 mg/L NAA and 15 mg/L kanamycin) to induce roots.

PCR analysis for transformed plants

DNA isolated from putatively transformed plants and non-
transformed plants was used as template. PCR amplifications
were conducted using the CO gene primers and the CO-GUS fu-
sion gene primers. The primers used to amplify the CO gene
were: forward 5’-GGT CAA ACG CCT GCA CCG TGT A-3’, reverse
5-TCT TTG CGA ACC GGC CAT TGA C-3’. The PCR condition
was: 94 °C for 40 s, 68 °C for 1 min, 72°C for 1.5 min, 30 cycles,
finally 72°C for 10 min. The reverse primer designed for the
CO-GUS fusion gene was: 5-CAA AGC CAG TAA AGT AGA ACG
GT-3’, the forward primer was the same as that in the above
amplification of the CO gene. The CO-GUS fragment between
the two primers was 2.0 kb. The amplification conditions for
the CO-GUS fusion gene consisted of 30 cycles: 40s at 94°C,
1 min at 65°C, 1.5 min at 72°C per cycle, and finally followed
by a further 10-min extension step at 72 °C.

The amplified CO and CO-GUS fragments were electrophoresed
on 0.8% agarose gel and photographed using the BioCaptMW
software in a VILBER LOURMAT gel image system. After that,
the fragments were transferred to positively charged nylon
membrane (Roche), and PCR Southern analyses were carried
out using [a-32P]-radioactively labelled CO and CO-GUS frag-
ment as a probe.

Southern blot analysis

Southern blot analysis was carried out according to Sambrook
et al. (1989). The total genomic DNA from putatively trans-
formed plants and non-transformed plants was digested with
EcoRI and BamH]I, DNA from plasmid pBICO was also digested
with these same two enzymes as a positive control. The com-
pletely digested DNA was separated by 0.7% agarose gel elec-
trophoresis and transferred onto nylon membrane (Roche).
Southern hybridization was performed using [o-32P]-radioac-
tively labelled CO-GUS fragment as a probe. The membrane

443



444 Plant Biology 9 (2007)

H. Wang et al.

was washed at high-stringency washing conditions in a buffer
consisting of 0.1 x SSC and 0.5% SDS at 65°C.

RT-PCR analysis

Total RNA from the leaves of transgenic plants and control was
isolated by a one-step method using Trizol extract buffer (Invi-
trogen). First-strand cDNA synthesis was performed on total
RNA treated with DNase I (Roche) using a TaKaRa RNA PCR Kit
(TaKaRa). The protocol for reverse transcription was: 42 °C for
30 min, 99°C for 5 min, and 5°C for 5 min. The resultant first-
strand cDNA was used as a template to amplify the CO gene.
The primers used here were the same as those in the PCR anal-
ysis in Section “PCR analysis for transformed plants”.

The conserved tubulin gene was used as an internal control for
gel loading. The primers used for amplifying the tubulin gene
were: forward 5-AAC AAC TGG GCC AAG GG-3’, reverse 5’-TCC
TGG TAC TGC TGG TAC TC-3". The tubulin gene fragment be-
tween the two primers was 1.0 kb. The PCR consisted of 30 cy-
cles: 1 min at 94°C, 40 at 65°C, 1 min at 72°C per cycle, and
the last cycle was terminated with a final 10-min extension
step at 72°C.

The RT-PCR products were separated on 0.8% agarose gel
and photographed. The RT-PCR Southern analysis was carried
out using [a-32P]-radioactively labelled CO gene as a probe.
[o-32P]-radioactively labelled tubulin gene was used as an in-
ternal control for gel loading and transferring.

The induction of flowering

The rooted germ-free transgenic plants and control were
transplanted to a greenhouse for a 3-month growth period un-
der a 16-h photoperiod at 20°C, then some transgenic plants
and non-transgenic plants were treated with an 8-h photo-
period to induce flowering, and others still growing under the
16-h photoperiod were used as the control for flowering.

Detection of artemisinin

The detection of artemisinin was performed according to the
method of Zhao and Zeng (1986). The leaves of the non-flower-
ing plants and the leaves as well as the flowers of the flowering
plants were collected and dried to constant weight in an oven
at 50°C. Then, the dried leaves and flowers were ground to
powder. Some 100 mg of the exactly weighed powder were
added to an extraction bottle containing 20 mL of petroleum
ether (boiling range 30-60°C) and extracted overnight. After
treatment in an ultrasonic bath for 5 min, the extraction mix-
ture was filtered under vacuum. The filtrates were collected
and evaporated to dryness. The residue was dissolved in 1 mL
methanol and centrifuged at 12000 rpm for 10 min to precipi-
tate the undissolved components. The supernatant containing
the artemisinin extract was used for HPLC detection.

200 pL of the above-prepared artemisinin extract were placed
in a 10-mL tube with 800 pL methanol, 4 mL 0.2% sodium hy-
droxide, mixed and then incubated at 50°C for 30 min. After
cooling to room temperature, 0.5 mL of the reaction mixture
was placed in a 1.5-mL Eppendorf tube to which 100 pL meth-
anol and 400 pL 0.05 M acetic acid were added and mixed be-
fore purification by filtering on an NC filter (40 pm). The arte-

misinin standard solutions with concentrations of 4, 8, 12, 16,
20, 24 (ug/mL) were prepared in the same way as the sample.

HPLC was performed using a C;g reverse-phase column (4.6 x
250 mm, 5 Micron). A 10-min isocratic programme was used.
The mobile phase was 55% 0.01 M sodium phosphate buffer
(pH 7.0) and 45% methanol, flow rate was 1 mL/min, the injec-
tion volume was 10 pL. The retention time of artemisinin refer-
ence was about 4 min under these conditions.

Results and Discussion

Transformation of A. annua and regeneration
of the transformed plants

The Agrobacterium tumefaciens strain LBA4404 harbouring the
binary vector pBICO was used for A. annua transformation. The
plant expression vector pBICO contains the plant-selective
marker neomycin phosphotransferase Il (NPT-II) gene which
makes the transformed cells resistant to kanamycin. A. annua
transformation was performed essentially according to the
method described by Chen et al. (1999). In order to get high
shoot-inducing frequency, we optimized the composition of
the shoot-inducing medium. With a combination of 0.05 mg/L
NAA and 2.5 mg/L BA, the highest shoot-inducing frequency
was reached. The A. annua shoot induction was very sensitive
to kanamycin. When the leaves were cultured on shoot-induc-
ing medium supplemented with 15mg/L kanamycin, the
wounds of the untransformed leaves did not generate shoot
clusters, the leaves withered and became yellow, and finally
died. However, for the transformed leaves, first, the wounds
of the leaves generated some green shoot primordia, later, the
shoot primordia spread and generated shoot clusters. Most of
the shoots were directly generated from the wounds on the
leaves, there were also some leaves which first formed calluses
in the wounds, then some were induced to form shoots after
modifying the hormone component of the medium, but the
shoot-inducing capacity was low. Therefore, it seems best to
induce shoots directly from explants rather than from induced
calluses. This is in accordance with the observations of Ver-
gauwe et al. (1996) and Han et al.(2005). The well-grown ka-
namycin-resistant shoots were separated from the explants
and transferred to root-inducing medium to induce roots.
About 2 weeks later, the shoots rooted in the root-inducing
medium. Shoots rooted in medium containing 15 mg/L kana-
mycin were considered to be transgenic plants.

PCR analysis

PCR amplification was conducted on the lines that were puta-
tively transformed with CO gene by their resistance to kana-
mycin. The amplified product using CO gene primers showed
a 1.1-kb band, and the size of the band was the same as that
of pBICO used as a positive control, but the non-transformed
control has no target band. PCR Southern analysis confirmed
that the 1.1-kb band was indeed the band representing the CO
gene (data not shown). The amplified product using CO for-
ward and GUS reverse primers showed a 2.1-kb band, the size
of the band was the same as that when pBICO was used as a
positive control, and PCR Southern analysis confirmed that
the 2.1-kb band was the band representing the CO-GUS fusion
gene (data not shown).
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Southern blot analysis

Part of the PCR positive transformed plants were further se-
lected for Southern blot analysis. Genomic DNA digested with
EcoRI and BamHI and hybridized with the CO-GUS probe pro-
duced bands representing the DNA fragment containing the
CO-GUS fusion gene. No hybridization bands were present in
the untransformed plants (Fig. 2). The result of the Southern
blot showed that the CO gene had been integrated into the ge-
nome of the transgenic A. annua plant.

RT-PCR analysis

Southern blot positive transgenic plants were selected for
RT-PCR detection. The amplified product using CO gene prim-
ers showed a 1.1-kb band in the transgenic plants, but no such
band was detected in the non-transformed control. The re-
sults of RT-PCR Southern analysis using CO gene as a probe
confirmed that the 1.1-kb band truly represented the CO gene
(data not shown). When using tubulin gene primers for the
amplification of tubulin gene as an endogenous control, both
the transformed plants and the control showed a 1.0-kb band,
the RT-PCR Southern analysis using tubulin gene as a probe
showed that the 1.0-kb band was indeed the conserved tubulin
gene (data not shown).

The CO transgenic plants flowered earlier than the control

A. annua is a short-day plant whose inductive photoperiod is
13.31 h(Ferreiraetal.,1995). In order to induce A. annua flower-
ing, some of the CO transformed and non-transformed plants
were treated with 8 h/16 h (light/dark) photoperiod, and those
still growing at 16 h/8 h (light/dark) photoperiod were used as
controls for flowering. It was observed that after short-day
treatment for 20 days, the CO transgenic plants generated flow-
ering buds, but the non-transformed plants were still in vege-
tative growth at this time. About 15 days later, the non-trans-
formed plants began to generate flowering buds. In other words,
the flowering time of the CO transgenic plants was about 15 days
earlier than the non-transgenic control. The results showed
that the foreign CO gene can promote flowering in A. annua.
This is consistent with the results from A. thaliana (Putterill et
al.,, 1995). Both the transformed and non-transformed plants
maintained under long days were in vegetative growth during
the whole experimental period. This is also consistent with the
fact that A. annua is a short-day plant (Ferreira et al., 1995).

No direct linkage between flowering and artemisinin
biosynthesis

The over-expression of the CO gene in A. annua successfully
induced the early flowering of the CO transgenic plants. The
results showed that the flowering time of A. annua can indeed
be regulated by the foreign flower-promoting gene. The objec-
tive of this work is to study the possible linkage between flow-
ering and artemisinin biosynthesis. In order to detect wheth-
er the artemisinin content varied with the plants’ flowering
time, the leaves as well as the flowers of the short-day-treated
plants (CO transgenic plants and non- transgenic plants), and
only the leaves of the non-short-day-treated plants (CO trans-
genic plants and non-transgenic plants) were harvested at dif-
ferent developmental stages (vegetative growth period, before
flowering, full flowering, and post-flowering) to detect the ar-
temisinin content.

1=, 2"593.0 /4" 1'%
.--w

Fig.2 Southern blot analysis of CO transgenic plants. (1) pBICO di-
gested with EcoRI and BamHI (+ CK); (2-4) DNA from CO transgenic
plants (lines CO-1, CO-2, and CO-4); (5) DNA from non-transformed
plant (- CK). The plant DNA was also digested with EcoRl and BamHI.
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Fig.3 Comparison of artemisinin contentin flowering and non-flower-
ing CO-transgenic and CK plants. CO-F: flowering CO-transgenic plants;
CO-N: non-flowering CO-transgenic plants; CK-F: flowering CK (non-
transformed) plants; CK-N: non-flowering CK (non-transformed) plants.

The artemisinin content of different developmental stages is
shown in Fig. 3 (each value represents the mean of five sam-
ples). From Fig. 3, we can see that before flowering, the artemi-
sinin content of either the short-day-treated CO transgenic and
non-transgenic plants, or the non-short-day-treated plants,
followed a definite trend and increased with a progressive in-
crease in plant growth. The artemisinin content of the short-
day-treated CO transgenic plants reached its maximum before
the emergence of flowering buds, the short-day-treated non-
transformed plants, although in vegetative growth, had an ar-
temisinin content close to this maximum value at the same
time. The plants (both transformed and non-transformed)
treated with a 16 h/8 h (light/dark) photoperiod, remained in
vegetative growth, but their respective artemisinin content
showed no significant differences in comparison with those of
the short-day-treated plants. After flowering, the artemisinin
content of the plants which had flowered (CO transgenic plants
and non-transgenic plants) began to decrease significantly, but
for the non-short-day-treated CO transgenic plants and control
plants, which were still in vegetative growth, their artemisinin
content remained at a high level.

The above results showed that the foreign CO gene can indeed
promote A. annua to flower earlier, but since the artemisinin
content of the flowering transformed plants and that of the
non-transformed control plants did not manifest significant
differences, we can conclude that the increase of artemisinin
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content before flowering is not necessarily induced by flower-
ing itself, perhaps it is just a time coincidence, and this was
also observed in the results with flower-promoting factor 1
(fpf1) (Wang et al., 2004). The reasons underlying this could
be that, in the later vegetative period, the plant has stored
plentiful material for artemisinin biosynthesis and the glandu-
lar trichomes, where artemisinin is synthesized and stored, are
well developed and have the highest artemisinin biosynthesis
capacity, so the artemisinin synthesis reaches its maximum. In
conclusion, based on the above results, we consider that there
is no evidence for a direct linkage between flowering and arte-
misinin biosynthesis.

Finally, the possible causes of the observed significant decline
in artemisinin synthesis (Fig. 3) after flowering are: artemisi-
nin is produced in the glandular trichomes on the leaf surface,
as leaves senesce and wither after flowering, the biosynthesis
capacity of the trichome in the senescent leaf declines; tri-
chomes of senescent leaves normally burst and release their
contents (Duke and Paul, 1993), and this also contributes to
the decline in artemisinin content. This study showed that the
artemisinin content reached a maximum before flowering,
when the plant has almost reached its full size and possessed
the highest leaf mass and area. Based on the results, A. annua
plants should be harvested between the later vegetative
growth stage and before appearance of flower buds to obtain
maximum artemisinin production. In fact, experienced farm-
ers in China already choose this period for harvesting leaves
of A. annua.

Acknowledgements

The authors thank Dr. K. Lee, John Innes Centre, Norwich Re-
search Park, UK, for the gift of the plasmid pBSKCO. This work
was supported by the National Natural Science Foundation of
China (30371740, 60575018).

References

Abdin, M. Z., Israr, M., Rehman, R. U., and Jain, S. K. (2003) Artemisi-
nin, a novel antimalarial drug: biochemical and molecular ap-
proaches for enhanced production. Planta Medica 69, 289 -299.

Chan, K. L., Chris Tea, K. H., Jinadasa, S., and Yuen, K. H. (1995) Selec-
tion of high artemisinin yielding Artemisia annua. Planta Medica
61,285-287.

Chen, D. H,, Ye, H. C, Li, G. F, and Liu, B. Y. (1999) Expression of green
fluorescent protein gene in transgenic shoots of Artemisia annua.
Acta Botanica Sinica 41, 490 -493.

Cooperative Research Group on Artemisinin Structure (1977) Arte-
misinin - a new sesquiterpene lactone. Chinese Science Bulletin
22,142.

Dhingra, V., Vishweshwar Rao, K., and Nayasu, M. L. (2000) Current
status of artemisinin and its derivatives as antimalarial drugs. Life
Science 66, 279 -300.

Duke, S. O. and Paul, R. N. (1993) Development and fine structure of
the glandular trichomes of Artemisia annua L. International Jour-
nal of Plant Sciences 154,107 - 118.

Ferreira, J. F. S., Simon, ]. E., and Janick, J. (1995) Developmental stud-
ies of Artemisia annua: flowering and artemisinin production un-
der greenhouse and field conditions. Planta Medica 61,167 - 170.

Han,]. L, Wang H., Ye, H. C,, Liu, Y., Li, Z. Q., Zhang, Y., Zhang, Y. S., Yan,
F., and Li, G. F. (2005) High efficiency of genetic transformation and
regeneration of Artemisia annua L. via Agrobacterium tumefaciens-
mediated procedure. Plant Science 168, 73 - 80.

Klayman, D. L. (1979) Qinghaosu (artemisinin): an antimalarial drug
from China. Science 228, 1049 - 1055.

Lierch, R., Soicke, H., Stehr, C., and Tullner, H. U. (1986) Formation of
artemisinin in Artemisia annua during one vegetation period. Plan-
ta Medica 52, 387-390.

Liu, J. M, Ni, M. Y,, Fan, J. F, Tu, Y. Y., Wu, Z. H., Wu, Y. L., and Zhou, W.
S.(1979) Structure and reaction of Artemisinin. Acta Chimica Sini-
ca37,129-143.

Paniego, N. B., Maligne, A. E., and Giulietti, A. M. (1993) V Artemisia
annua (Quing-Hao): in vitro culture and the production of artemi-
sinin. In Medicinal and Aromatic Plants. Biotechnology in Agricul-
ture and Forestry, Vol. 24 (Bajaj, Y. E. P, ed.), Berlin, Heidelberg:
Springer-Verlag, pp.70-78.

Putterill, J., Robson, F,, Lee, K., Simon, R., and Coupland, G. (1995) The
CONSTANS gene of Arabidopsis promotes flowering and encodes a
protein showing similarities to zinc finger transcription factors.
Cell 80, 847 -857.

Ro, D. K., Paradise, E. M., Ouellet, M., Fisher, K. J., Newman, K. L.,
Ndungu, J. M., Ho, K. A,, Eachus, R. A,, Ham, T. S., Kirby, ]., Chang,
M. C., Withers, S. T., Shiba, Y., Sarpong, R., and Keasling, J. D.
(2006) Production of the antimalarial drug precursor artemisinic
acid in engineered yeast. Nature 440, 940 - 943.

Sambrook, J., Fritsch, E. F.,, and Maniatis, T. (1989) Molecular Cloning;:
A Laboratory Manual, 2nd ed., New York: Cold Spring Harbor Lab-
oratory Press, pp.483-490.

Schmid, G. and Hofheinz, W. (1983) Total synthesis of ginghaosu.
Journal of American Chemical Society 105, 624 - 625.

Van Geldre, E., Vergauwe, A., and Van den Eeckhout, E. (1997) State of
the art of the production of the antimalarial compound artemisi-
nin in plants. Plant Molecular Biology 33, 199 -209.

Vergauwe, A., Cammaert, R.,, Vandenberghe, D., Genetello, C., Inze, D.,
Van Montagu, M., and Van den Eeckhout, E. (1996) Agrobacterium
tumefaciens-mediated transformation of Artemisia annua L. and
regeneration of transgenic plants. Plant Cell Reports 15, 929 -933.

Wallaart, T. E., Pras, N., Beekman, A. C., and Quax, W. J. (2000) Season-
al variation of artemisinin and its biosynthetic precursors in plants
of Artemisia annua of different geographical origin: proof for the
existence of chemotypes. Planta Medica 66, 57 - 62.

Wallaart, T. E., Bouwmeester, H. J., Hille, J., Poppinga, L., and Maijers,
N. N. A. (2001) Amorpha-4,11-diene synthase: cloning and func-
tional expression of a key enzyme in the biosynthetic pathway of
the novel antimalarial drug artemisinin. Planta 212, 460 - 465.

Wang, H., Ge, L., Ye, H. C,, Chong, K., Liu, B. Y., and Li, G. F. (2004) Stud-
ies on the effects of fpf1 gene on Artemisia annua flowering time
and on the linkage between flowering and artemisinin biosynthe-
sis. Planta Medica 70, 347 -352.

Weathers, P. J., Cheetnam, R. D., Follansbee, E., and Theohairdes, K.
(1994) Artemisinin production by transformed roots of Artemisia
annua. Biotechnology Letters 16,1281 -1286.

Woerdenbag, H.]., Pras,N., Chan, N. G., Bang, B. T., Bos, R.,van Uden, W.,
Pham, V. Y., Boi, N. V,, Batterman, S., and Lugt, C. B. (1994) Artemisi-
nin, related sesquiterpenes, and essential oil in Artemisia annua
during a vegetation period in Vietnam. Planta Medica 60,272 - 275.

Zhao, S. S. and Zeng, M. Y. (1986) Determination of Qinghaosu in Ar-
temisia annua L. by high performance liquid chromatography. Chi-
nese Journal Pharmaceutical Analysis 6, 3 -5.

H.C. Ye

Key Laboratory of Phytosynthesis and
Environmental Molecular Physiology
Institute of Botany

The Chinese Academy of Sciences
Nanxincun 20%#, Xiangshan, Haidian District
Beijing 100093

China

E-mail: hcye@ibcas.ac.cn

Editor: J. Whelan



